. Though there were several centers of excellence which were established by renowned radiochemists during the 1960s at the academic institutions in different parts of the country and nurtured by their close associates during the eighties and nineties, their glamour did not last long and only very few have sustained the challenges presented by social and technological upheaval of last five decades. Board of Research in Nuclear Sciences (BRNS), an organ of DAE has been in the forefront for promotion of education and research in nuclear sciences at academic institutions. It sponsors symposia in Nuclear and Radiochemistry (NUCAR), Nuclear Analytical Chemistry (NAC) and Applications of Radioisotopes in Chemistry, Environment and Biology (ARCEB) which are organized periodically to provide a platform for interaction of the radiochemists within and outside DAE. A professional body, viz. Indian Association of Nuclear Chemists and Allied Scientists (IANCAS), formed in early eighties at BARC, Mumbai has been spearheading the campaign to popularize the subject of radiochemistry in schools and colleges through workshops and publishing monographs and thematic bulletins regularly in the area of interest to the radiochemists.
on chemistry of fast reactor and fuel cycle related materials such as sodium and boron, in addition to the chemistry of actinides, fission products and pyrochemical studies related to processing of spent fuels.
Publication of about 2000 peer reviewed papers in international journals of repute and award of Ph.D. degrees to more than 150 scientists is an evidence of the front line research activities pursued under this programme. All along the 55 years, sustained efforts were made to meet the growing challenges of closed nuclear fuel cycle (both thermal as well as fast). After five decades of continuous research and development perhaps one can feel satisfied that the programme could fulfil not only the dreams of its founders but is also ready to take on the future challenges related to the second and third stage of Indian nuclear power programme.
History
The Radiochemistry Laboratory at South Site, Trombay was the first facility in the country established for the handling of radioactive substances including alpha emitting actinides. The decision to construct the laboratory was taken in 1956 and the chemistry experiments with Pu started in November, 1957. The experience gained in the setting up of this laboratory was immensely useful in the design and construction of the major facilities created later for the handling of highly radioactive substances, including Pu, viz. Fuel Reprocessing Plant at Trombay, Radiometallurgy and Radiochemistry Facilities at Radiological Labs, Radiochemistry Laboratories at IGCAR, Kalpakkam and Advanced Fuel Fabrication Facility at Tarapur. The South Site Radiochemistry Laboratory served as a training ground for a team of chemists, chemical engineers and metallurgists who joined the department in the early sixties for the handling of Pu. Many of these scientists/engineers were destined to lead the fuel fabrication/fuel reprocessing programmes of the department in subsequent years.
In view of the intricacies involved in the design and operation of a class A radioactive laboratory, H. J. Bhabha, founder of the Indian Nuclear Programme and the first Chairman, Indian Atomic Energy Commission, sought the support of United Kingdom Atomic Energy Authority (UKAEA) and as a consequence G. R. Hall from Imperial College, London and G. A. Welch from UKAEA, Harwell led the team of radiochemists in India initially. The programme was led from 1961 onwards by H. D. Sharma, a student of Glenn T. Seaborg. M. V. Ramaniah, an associate of A. C. Wahl and N. Sugarmann led the programme from 1965 for more than two decades and was responsible for initiating several activities pivotal to the Nuclear Fuel Cycle. He was also the driving force for the commissioning of Radiological (RLG) Laboratories at Trombay around 1969.
The RLG chemistry laboratory was equipped with a variety of modern instrumentation available during late sixties, such as mass spectrometer, electron spin resonance (ESR) spectrometer, ultraviolet/visible spectrophotometer, thermal analyzer, X-ray diffraction (XRD) system and alpha/gamma spectrometers. The chemistry wing of the new complex had 14 radioactive laboratories, three low active laboratories, a modern counting room equipped with state-of-the-art instruments, and an alpha tight hot cell with master slave manipulators. Each laboratory room was provided with a large number of fume hoods and glove boxes, conditioned fresh air supply with 10-12 air changes, well managed liquid effluent system connecting all the laboratories and state of-theart health and safety devices for continuous monitoring of radioactivity. The alpha tight hot cell was commissioned for chemical studies on transplutonium elements and burn up studies.
With the expanded programme of Department of Atomic Energy (DAE) to further harness nuclear technology in terms of developing new fuel fabrication routes and to cater to the plutonium utilization programme, there was a need for the establishment of new divisions at BARC as well as at With the commissioning of radiochemical facilities at Radiological Laboratories, the South Site Laboratories were dedicated to large scale research on high temperature chemistry of plutonium and other thermodynamic investigations on understanding the behaviour of fission product systems. Following the bold decision of the department to develop MOX/Carbide fuels indigenously during the seventies, research and development activities of the radiochemistry programme needed augmentation and a new direction. M.V. Ramaniah, provided the leadership during this period and helped considerably in integrating the plutonium programme on fuel fabrication with the radiochemistry programme.
Isotope Programme at BARC was steered during the first two decades by V. K. Iya. Today this programme has grown manyfolds. On one hand, its commercial activities are handled by Board of Radiations and Isotope Technology and Radiation Medicine Centre (separate units under DAE) and on the other, its R and D activities are looked after by three divisions at BARC, viz. Radiopharmaceuticals Division, Isotope Applications Division and Radiation Technology Division.
The radiochemistry programme at IGCAR envisaged a wide range of activities in fuel chemistry as well as sodium chemistry to not only provide support to the ongoing fast reactor programme at Kalpakkam but also take up R and D programmes which would have a long term impact on the fast reactor programme, the second stage of the Indian Nuclear Power Programme.
Radiochemistry programme at BARC
Work carried out in the areas of Nuclear Chemistry, Actinide Chemistry, Analytical Spectroscopy, Mass spectrometry, Thermodynamics of Nuclear Materials, Chemical Quality Control of Pu-based Fuels and NDA Techniques at BARC is discussed briefly with particular reference to its role in nuclear fuel cycle in this section
Nuclear chemistry
Nuclear chemistry activities initially revolved around neutron irradiations at "APSARA", India's first nuclear research reactor. In the early days, mass yield distribution in neutron induced fission of actinide isotopes like  227 Ac,  232 Th,  229 Th,  232 U and  245 Cm were determined radiochemically. Expertise in radiochemical separations and radiation measurements was utilized to measure the low yields and obtain mass yield distributions unambiguously. In addition to contributing to the nuclear data base on mass yields, two major contributions were (i) observation of a third peak in the symmetric region in the fission of most of these actinide isotopes and (ii) observation of shoulders in the highly asymmetric regions due to nuclear (28 protons) shell effect. Extensive work was carried out on the measurements of recoil ranges of fission products in neutron induced fission of 232 Th, 232 U, 239 Pu, 241 Pu and 245 Cm to obtain the kinetic energy distribution. One of the most striking observations was that kinetic energy of symmetric fission products was lower than that of asymmetric fission products, which was known as kinetic energy deficit (KED). Further studies demonstrated that the KED approached zero as the mass of the symmetric fission fragment approached 132. Around the mid seventies, a 252 Cf source was obtained to investigate the spontaneous fission process. During this period investigations in charge distribution were also initiated which provided information on the effects of nuclear shell and nucleon pairing on the fission process. These were particularly relevant in the low energy fission. Construction of particle accelerators added a new dimension and enhanced the scope for research in this area. Research in nuclear fission was extended to medium excitation energy with the availability of alpha particle beams at the Variable Energy Cyclotron (VECC), Kolkata in early eighties and heavy ion beams at Pelletron accelerator at Tata Institute of Fundamental Research, Mumbai in late eighties. The motivation for studying the mechanism of heavy ion reactions was to unfold the multiplicity of the processes involved and their evolution with the variation of entrance channel parameters such as excitation energy, angular momentum and entrance channel mass asymmetry. Studies on angular momentum and angular distribution of alpha particle induced fission products were initiated which helped to understand the role of fissioning nucleus, its excitation energy and the influence of angular momentum on the fission process. Another exciting area being pursued was Nuclear Spectroscopy to understand basic nuclear structure properties. In the early eighties, studies pertaining to nuclear spectroscopy, essentially nuclear data, were initiated by determining the gamma ray abundances in the alpha decay of 229 Th. Spectroscopic data of some interesting nuclides produced in heavy ion induced nuclear reactions were obtained. Decay scheme of 194g Tl was studied by radiochemically separating its parent 194 Pb produced in the nuclear reaction 181 Ta( 19 F,6n) 194 Pb. Absolute emission probabilities of 49 prompt gamma rays from thermal neutron capture in 59 Co were determined by capture neutron spectroscopy. The half life of a radioisotope, in general, is invariant with the chemical environment. However, in the case of electron capture decay or low energy isomeric transition, there is a possibility to observe small but definite variation of half-life. This was investigated in the decay of 7 Be using different matrices like Al 2 O 3 , Au and other metals and about 0.1% change in the half life was observed.
The cascade gamma emission in nuclear decay has a definite angular correlation due to their electromagnetic origin. Under the influence of surrounding chemical and magnetic fields, this correlation gets perturbed and by measuring the extent of perturbation, chemical environment around the decaying probe atom can be studied. This nuclear probe technique was standardized and chemical environment around Hf in Hf-EDTA complexes, polymerization of Hf in aqueous solutions and after effects of β-decay, were investigated using 181 Hf, 111 In, 111 Ag and 111m Cd as the probe nuclides. Positron annihilation spectroscopy is another nuclear probe technique, which has found applications in chemical and material sciences. Positron's extreme sensitivity to defects, both in terms of concentration and size, is employed to probe the electronic structure of defects. Positrons, from a radioactive source, when injected into a medium, thermalise and form a positronium for a few picoseconds which annihilates with an electron giving two 511 keV photons emitted in opposite directions. These two photons carry information regarding electron density and electron momentum distribution in a medium. In order to extract this information, various positron techniques, viz. positron life-time spectroscopy, doppler broadening spectroscopy and angular correlation technique were developed. These techniques were employed to study the electronic structure in a variety of materials. The microstructure of Nafion membrane (a technologically important membrane) was studied under different physical and chemical conditions. A clear dependence of the counter ion, water content and other solvent content on the free-volume structure was mapped. Temperature dependent studies revealed new molecular relaxation peaks. The positronium technique was also employed to study different porous materials. It is a powerful and insitu probe for hidden surface in porous materials. Samples of metal dispersed silica, which are precursors of catalysts having industrial applications, were studied. These studies addressed understanding the positronium behavior and its localization in pores of samples with wide pore size distribution. It was shown that positronium is preferentially trapped in smaller pores. On applying this technique to study the MgB 2 superconductor, it was found that the electron density changes in the boron layer at the onset of superconductivity. Two-detector coincidence doppler broadening system was developed which provided opportunity to identify the elements with which positron is annihilating in the matrix. A slow positron beam was set up to characterize membranes and other thin films.
Extending the Periodic Table is a challenge to nuclear chemists. Expertise on fast radiochemical separations and innovative instrumentation were needed for these studies which were both experimentally demanding and intellectually challenging. A modest beginning was made at the Pelletron to produce about 100 Bq of 250 Fm by the 16 
Determination of yields of Pokhran-II nuclear tests
India conducted its second series of nuclear tests at Pokharan in May 1998. Though seismic data quickly predict the yield of the device, radiochemical measurements provide more reliable data. The first hot sample reached Radiochemistry Laboratory at Trombay on 23 rd January 1999. The gamma-ray spectra of the samples were quite complex and showed typical gamma lines of fission products as well as those produced by neutron induced reactions, viz., 22 Na, 54 Mn, 58 Co, etc. These are formed in reactions having high energy threshold of about [8] [9] [10] [11] [12] MeV, e.g. (n, 2n), (n, p), etc. These products provided the first evidence of the 14 MeV neutrons generated in the thermonuclear device. These were very exciting moments. The core samples from a large number of bore holes of thermonuclear and pure fission test sites covering a wide range of width and height of the cavity were analysed for the gamma activity. Integration of the data over the entire volume of the cavity provided the total yield of the devices.
Solid state nuclear track detectors
The work on SSNTDs was initiated in the year 1967. Growth in the applications of solid state nuclear track detectors is shown below. At present work in this area is focused on the development and characterization of new detectors and assay of low level alpha activity in the presence of large beta gamma activity which is relevant for the management of waste streams emanating from reprocessing plants. 
Non-destructive assay (NDA) techniques
The importance of non-destructive assay techniques in the nuclear fuel cycle was realized as early as 1967. The estimation of fissile materials using high resolution gamma ray spectrometry was initiated in the early seventies. With the availability of 8 cm 3 Ge(Li) detector and 4096 channel analyzer, the work on the measurement of isotopic composition of Pu by gamma ray spectrometry was initiated in 1978. Later, with the availability of 2 cm 3 HPGe detector in the eighties, the method was further refined. Around the same period a hull waste monitor was set up at PREFRE Tarapur, based on the gamma spectrometric assay of fission products, using NaI(TI) detector and analyzer assembly. A modified version of the same using HPGe detector was set up at Kalpakkam Reprocessing Plant (KARP) during 1998 Programme on development of neutron based NDA techniques was initiated during the year 1980 and a neutron well coincidence counter was developed for routine assay of Pu in waste packets and in sealed containers. Neutron coincidence counting systems were adopted during the years 1980 to 2003, for the quality control of fuel pellets, fuel pins, fuel assemblies, waste packets and scraps and were installed at Fuel Reprocessing Division, Radiometallurgy Division and the Radiochemistry Division. Many R and D innovations in counter design and softwares were carried out subsequently to meet the requirements of users.
Passive gamma scanners were developed during 1990-2000 for the quality control of FBTR and mixed oxide BWR fuel elements. Uniformity of fissile element distribution, detection of non standard pellets and determination of active length of finished fuel pins are routinely carried out by such scanners. HPGe based scanner has been developed recently to estimate Pu contents in 200 L waste drum. Efforts are on for the development of integrated gamma and neutron based NDA systems for the second and third stages of the nuclear power programme. The problem of fission products in moderator cover of PHWRs was investigated and the origin of the fission products was attributed to the presence of fissile isotopes present in Zircaloy clad materials as impurities.
Minimizing radiation field buildup in the primary heat transport system (PHT) has been the focus of water chemistry maintenance in water-cooled nuclear power plants. Identification and quantification of the radionuclides responsible for the high radiation levels in the PHT system help in planning the decontamination strategies, in predicting the rate of build up and in evaluating the effectiveness of water chemistry domain. This requires on-line gamma ray spectrometric measurements at various locations of the PHT, where the radiation levels may vary from a few mR/h to a few hundred mR/h. Further, the ambient temperature in some areas may be as high as 40
• C at which conventional high resolution HPGe detector are extremely difficult to use. The large volume (50-100 cm 3 ) of the Ge detector, commonly available in radiochemical laboratories, leads to high-count rates and thereby to high dead time/pile up effects. NaI(TI) detector, though can be operated at room temperature, yet suffers from the limitations of poor energy resolution (∼ 7% at 661 keV) with which it is not possible to resolve the close lying gamma lines in the gamma ray spectrum. In view of this a small volume (0.5 cm 3 ) CdZnTe detector connected to a portable multi-channel analyzer (MCA) was used for gamma ray spectrometry.Measurements were carried out during 2005-2010 at the PHT and moderator systems of PHWRs located in different parts of the country. Apart from 60 Co, 124 Sb was found to be responsible for high dose in certain locations during the shut down periods.
Radiotracers were used to understand the diffusiontransport properties of the Nafion-117 membrane as well as homemade membranes. The fundamental properties of the membranes like partition/diffusion coefficients of alkali metal ions were measured using gamma spectrometry of radiotracers employed or generated in situ by neutron irradiation of the membrane sample. The work on nuclear analytical techniques includes developments and applications of (i) single comparator NAA, called as k 0 -NAA, (ii) k 0 -based internal monostandard NAA (IM-NAA), (iii) k 0 -based prompt gamma ray NAA (PGNAA) and (iv) instrumental and chemical NAA (INAA and CNAA) using relative method. The k 0 -based NAA using gold single comparator was standardized by characterizing irradiation sites of research reactors at BARC and determining the k 0 -factors of some analytically important isotopes. The method was validated by analyzing reference materials (RMs) of different origin and applied to geological, environmental and biological samples for compositional analysis. A k 0 -based internal monostandard NAA (IM-NAA) method using insitu relative efficiency was developed for the analysis of large size (g-kg scale) and non-standard geometry samples and applied to nuclear reactor materials namely zircaloys, stainless steels, nickel alloys and highly pure aluminum and samples of wheat grains, uranium ore and archaeological potteries. For QA/QC of IM-NAA, synthetic multielement standards (SMELS), obtained from SCK-CEN, Belgium and IAEA, RMs were also analyzed. Expertise on k 0 -method was advantageously utilized to carry out R and D work on k 0 -based prompt gamma ray NAA (PGNAA) using neutron beam facilities at Dhruva reactor. R and D work on PG-NAA includes determination of prompt k 0 -factors, analysis of RMs, compositional analysis of nuclear structure materials, meteorites and cement standard and determination of H in zircaloys and B in RMs. An internal standard methodology was proposed for self-shielding corrections in presence of high amount of neutron poisons and applied for composition analysis of alloy containing boron and determination of B in chemical compounds and borosilicate glass. Additionally, thermal and epithermal NAA (TNAA and ENAA) methods were standardized for U and Th in mixed oxides and zircon, U, Th and rare earth elements (REEs) in uranium ores, and trace amount of Th in uranium oxide. TNAA, ENAA and CNAA methods were developed for species of arsenic in water, iodine in food products and iodized salt and its speciation in milk and milk powder, total and bioaccessible concentrations of selenium in crop products grown in seleniferous soil and total and bioaccessible concentrations of trace elements in tender wheatgrass. Ion Beam Analysis (IBA) methods, namely Rutherford back scattering (RBS) and particle induced gamma ray emission (PIGE) were standardized using proton beam at folded tandem ion accelerator (FOTIA), BARC. RBS was used for depth profile of metal ion in polymer inclusion membrane and oxygen determination in metallic targets. PIGE method was used for non-destructive determination of low Z elements like F and Li in barium borosilicate glass and lithium incorporated Nd 2 Ti 2 O 7 ceramic sample, respectively. Work on trace analysis using nuclear analytical techniques is also carried out at Analytical Chemistry Division of BARC.The nuclear chemistry programme has led to about 400 publications in international Journals, many of which were based on original concepts.
Analytical spectroscopy of nuclear fuels
Analytical support for trace metal characterization of Pu bearing fuel materials has been provided throughout the fuel development programme. The major campaigns successfully executed include development of methodologies for analysis of MOX (Tarapur), U-Al alloy (KAMINI), U 3 In addition to characterization of Pu bearing fuel materials, the laboratory also carried out frontier basic research in the area of spectroscopy of actinides and lanthanides. Those activities contributed to a better understanding of luminescence, magnetic and superconducting behaviour of some lanthanide doped materials. EPR spectroscopy has been employed to study free radicals as well as paramagnetic centres in a variety of matrices. This is a unique facility and has been used extensively within DAE as well as by other academic groups in the country for the last three decades.
Leaching of the long lived radionuclides from the glass matrix to the geosphere, is highly dependent on the oxidation states and coordination geometries of the ions present in it. Thus speciation studies of various metal ions expected to be present in the nuclear waste glasses are of prime importance. Other important factors which can influence the leaching behavior are the radiation damage taking place in the glass matrix and the diffusion of radionuclides from the bulk to the surface of the glass. A programme has been initiated recently to characterize the nuclear waste glasses employing photoluminescence (PL), photoacoustic spectroscopy (PAS) and electron paramagnetic resonance (EPR) techniques. About 300 publications in international journals suggest the good quality of the work carried out in this area.
Actinide chemistry
In the early sixties, work was initiated on physico-chemical behaviour of actinides (Pu, Pa and Ac) procured from UKAEA. 233 Pa tracer was prepared indigenously by irradiating 232 Th target in APSARA. One of the first interesting Pa chemistry experiments showed that it forms cationic complex with C 2 O 4 2− viz. Pa(C 2 O 4 ) + unlike pentavalent Np which forms anionic species, viz. NpO 2 (C 2 O 4 ) 2 3− . Conditions for the purification of Pu from fission products and other impurities by anion exchange were arrived at. Kinetics of the redox reactions of Pu was investigated extensively. Work on the solvent extraction of Pu with hexone and TBP provided evidence on the nature of Pu(IV) nitrate species in aqueous solution and in solvent phase. Work was also initiated on different oxidation states of Pu, disproportionation reactions as well as on radiation chemistry of Pu. In the seventies, solution chemistry studies were extended to Am, Cm, Bk and Cf. Work on americium was quite fascinating in view of the gamma activity associated with it. Similarly it was challenging to work with Cf due to associated spontaneous fission activity. India was one of the few countries which had started contributing to the redox/complexation data in the sixties itself. Proton magnetic resonance, infra-red, ultraviolet/visible and magnetic susceptibility data were also reported during these years on the solid complexes of U(VI) with a variety of inorganic and organic ligands.
Synergism in actinides
Argonne National Laboratory, USA and Imperial College, London had reported interesting phenomena in the late fifties in which a mixture of extractants was found to be much better than the sum of the extraction abilities of the two ligands individually. Subsequent work carried out in several laboratories, including BARC, over the next two decades, established that the phenomena of synergism was widespread and included all the trivalent actinides such as Am(III), Cm(III), Cf(III) and Bk(III), hexavalent actinides such as U(VI), Np(VI) and Pu(VI) and tetravalent actinides such as Th(IV), U(IV), Np(IV) and Pu(IV). Pre-requisite for the synergism was the large coordination number of metal ion which remains unsaturated with a single extractant (cheating agent). Water molecules invariably enter the coordination sphere resulting in poor organophilicity of the chelate complex. A variety of phosphorous/sulphur/nitrogen synergistic oxodonors capable of replacing water molecules in the coordination sphere of metal ions were investigated. Beta diketones employed as chelating agents included acetylacetone (AA), theonyltrifluoroacetone (TTA), benzoylacetone (BA), dibenzoylmethane (DBM), benzoyltrifluoro acetone (BTFA) and hexafluoro acetyl acetone (HFAA).
Work on aromatic beta diketones like pyrazolones and isoxazolones was carried out in the late seventies and eighties. Steric and electronic factors were distinctly different for these beta diketones as compared to linear aliphatic beta diketones. Due to non-availability of these ligands commercially, they were synthesized indigenously. As the pK a of these ligands (PMBP and PBI) were significantly lower than those of linear beta diketones, they were better extractants and were found to be capable of extracting metal ions from relatively stronger acidic media.
For the first time, it was demonstrated that Am(III) could be extracted from 1 M HNO 3 using a synergistic mixture of PBI and TBP. It was also found possible to extract Pu(IV) from 3-4 M HNO 3 using PMBP which may be employed as an alternative to TTA to ascertain the oxidation state of Pu in the PUREX process feed. In the recent years, work has also been carried out to understand complexation behaviour of actinide ions with macrocyclic ligands like crown ethers, cryptands and calixarenes. Extraction data on Am(III) with PBI from BARC laboratory was reported in a commemorative volume of 50 years of Transuranium Elements.
Actinide process chemistry
Process parameters for the fuel reprocessing plant at Trombay were optimized by laboratory experiments at the Radiochemistry Division during early sixties. Investigations on the preparation and performance of tetravalent uranium as an alternative partitioning agent between uranium and plutonium, in place of ferrous sulphamate, led to successful introduction of this reagent in the Power Reactor Fuel Reprocessing (PREFRE) plant at Tarapur. Detailed investigations were carried out for recovery of neptunium as a byproduct of the PUREX process. Large data generated on neptunium behaviour in the process found a place in the standard text book on nuclear chemical engineering by Benedict and Pigford. Large scale plutonium recycling operations carried out for meeting the Pu demands required for FBTR fuels, enabled recovery of gram quantities of americium which has many applications in gamma radiography as well as in smoke detectors.
Though TBP is employed universally for reprocessing irradiated nuclear fuels in the well known PUREX process, there are a few limitations in its use for high burn up fuels with high Pu content and high radiation field. N, N-dialkyl aliphatic amides hold promise as alternate extractants to TBP in view of their complete incinerability and benign nature of their degradation products. Extensive work carried out on di-n-hexyl octanamide revealed that it extracts Pu (IV) more efficiently than TBP. It was also observed that decontamination factors (DF) values for U and Pu from fission products are favourable for amides as compared to TBP. Mixer settler studies suggested the possibility of quantitative stripping of uranium in less number of stages as compared to TBP. In view of their poor Th(IV) extraction, branched trialkyl phosphates and dialkyl amides were found to be promising for the separation of 233 U from irradiated Th as an alternative to TBP in the THOREX process. Di-2-ethyl hexyl isobutyramide was extensively investigated towards this end.
Actinide partitioning
It was realized in the early eighties that high level waste devoid of alpha emitters is much safer for disposal to the environment. Raffinate of the PUREX process contains alpha emitting radionuclides such as 237 Np, 241/243 Am and 244/245 Cm apart from the residual quantities of U and Pu. In view of the moderate acidity (3-4 M HNO 3 ) of the high level waste (HLW), TBP is incapable of extracting trivalent Am/Cm and pentavalent Np. Extensive laboratory data using tracers of actinides and fission products under the conditions prevailing in RR-HLW as well as PHWR-HLW were generated using a variety of extractants, synthesized indigenously. Amongst extractants investigated were Cyanex 923 (trialkyl phosphine oxide), CMPO (octyl-phenyl, N-N di-isobutyl carbamoyl methyl phosphine oxide), DMDBTDMA (dimethyl dibutyl tetradecylmalonamide) and TODGA (tetra octyl diglycolamide).
Studies were also carried out on the radiolytic degradation and reusability of these reagents. In 1998, mixer settler studies were carried out on the HAW generated at the Fuel Reprocessing Division (FRD), Trombay using CMPO + TBP. Recently mixer settler runs have been carried out on PHWR-SHLW to evaluate CMPO + TBP and TODGA + DHOA in a collaborative programme with FCD, IGCAR. This is the first attempt to compare the two actinide partitioning extractants for Indian PHWR-SHLW. An attempt was also made to impregnate these extractants on chromatographic supports as well as on polymeric membranes and evaluate their performance for actinide partitioning. Hollow fibre supported liquid membranes modules have been employed recently successfully for the first time for the recovery of An(III) and Ln(III) from PHWR-SHLW using TODGA + DHOA. Liquid membranes work was initiated few years back as it has several advantages over conventional solvent extraction technique, i.e. low inventory of extractant, low secondary waste and is particularly useful where large volume of solutions contain low concentrations of hazardous metal ions.
It is desirable to separate An(III) from Ln(III) (which are recovered together during actinide partitioning) for incineration of minor actinides in accelerators/high flux reactors. Highest separation factor of ∼ 40 000 was reported using synergistic mixture of Cyanex 301 and ophenanthroline. Using HFSLM modules, it was demon-strated that Am(III) can be quantitatively separated from Ln(III) ions efficiently. Extensive work has been carried out on the recovery of 137 Cs and 90 Sr from SHLW using calixcrowns and substituted crown ethers respectively. Extraction chromatographic technique was developed for the separation and determination of 90 Sr in various waste streams.
Actinides speciation and migration in environment
The strategy of safe disposal of vitrified high level waste in deep geological repositories aims at minimizing the leaching and mobility of radionuclides in the aquatic environment. In order to understand the migration behaviour of long-lived radionuclides, a programme has been initiated recently to investigate the diffusion of radionuclides in glass matrix and their subsequent interaction with various organic complexants (oxalic acid, citric acid, humic acid etc.) and inorganic substrates (silica, hematite, alumina etc.). The diffusion behaviour of radionuclides in glass matrix has been investigated using Heavy Ion Rutherford Backscattering Spectroscopy (HIRBS) at Pelletron facility and by isotope exchange method. Interaction of radionuclides with colloids of silica, hematite and alumina has been investigated by zeta analyzer and radiotracers. Thermodynamic and spectroscopic studies on complexation of U(VI)/Cm(III)/Eu(III) with silicic acid, mandelic acid and humic acid have been carried out. Cm (III) used in this work was obtained by a sequential ion exchange scheme developed to isolate 248 Cm (T 1/2 = 3.4 × 10 5 years) from the aged/decayed 252 Cf . More than 500 publications in international journals (including six comprehensive reviews) is an evidence of the quality of work carried out in the area of actinide chemistry at BARC.
Mass spectrometry
Half-lives of a number of actinide nuclides are determined employing mass spectrometric and alpha spectrometric methods. Large variation in the half-life values (13-15 years), for example, of Pu-241, necessitated a relook into its value. It was determined by parent decay method, and daughter growth method. In the parent decay method, change in the isotope ratios 241 Pu/ 239 Pu, 241 Pu/ 240 Pu, and 241 Pu/ 242 Pu was studied periodically by a thermal ionization mass spectrometer. In the daughter growth method, the half-life was obtained in four independent ways including isotope dilution alpha spectrometry (IDAS) and isotope dilution mass spectrometry using 243 242 Pu determined by different methods could be resolved by adapting a more rational and rigorous approach using mass spectrometry.
Thermal ionization mass spectrometry was employed to determine fission yields of stable fission products in thermal neutron induced fission of 235 U, 239 Pu and 241 Pu nuclides.
This helped in augmenting the fission yield data on stable fission products and supplementing data available from radiochemical measurements on unstable fission products. The data obtained on rare earth fission products were quite significant in the sense that these are stable nuclides and are formed in not so significant amounts and thus require sophisticated and sensitive instrumentation techniques for their determination. Mass spectrometric procedures were also standardized for direct determination of fission product nuclides without resorting to any separation from the corresponding actinide nuclide. This eliminated uncertainties in the recovery of fission products during separation, enhancing reliability in measurements. Recently, procedures were also established for analysis of fission gases, Kr and Xe from MOX fuel test pins as a part of post-irradiation examination of irradiated fuels employing quadrupole mass spectrometry (QMS 239 Pu. Detailed theoretical computations were also carried out to elucidate the requirement of choice of the molecular ion ratios for errorfree mass spectrometric measurements in the case of Li and B. The mass spectrometric analysis of boron by monitoring Cs 2 BO 2 + ion was the first ever attempt made. In the mid 70's, the Radiochemistry Division participated in three inter-comparison experiments (IDA-72, PAFEXI and PAFEX-II) organised by international agencies to evaluate precision and accuracy achievable on measurements of U and Pu using isotope dilution mass spectrometry (IDMS) with 233 U spike. Development of tracer techniques for the determination of plutonium at a reprocessing plant site was another significant and unique contribution employing mass spectrometry. Reprocessing plant is the first stage at which plutonium enters the nuclear fuel cycle and its accurate determination is of paramount requirement. The irradiated fuel is dissolved and the "dissolver solution" is fed into an input accountability tank. Conventionally the tank volume and density of solution are needed to estimate plutonium. The tracer techniques eliminated these requirements. It is based on simple mathematical relation of ratio-proportion. A known amount of tracer element (either Mg or Pb) is thoroughly mixed in the dissolver solution present in the accountability tank. A small aliquot is taken and the ratio of Pu to tracer is determined. Knowing the initial amount of tracer element added, it is possible to accurately calculate the total amount of Pu present in the tank. BARC has been the first to demonstrate the feasibility of this technique on the plant scale.
India has a number of PHWRs and an accurate method for hydrogen determination in zircaloy was needed to be established for the ageing management of zircaloy coolant channels. Two methods employing mass spectrometry were developed in this context. In the first method, a two-level exposure technique was developed employing spark source mass spectrometry (SSMS). The second method is based on hot vacuum extraction-quadrupole mass spectrometry (HVE-QMS). Necessary vacuum extraction system was indigenously fabricated to suit the unique requirements of hydrogen determination. As little as 10 mg of zircaloy sliver samples are adequate for determining both concentration and isotopic ratios of hydrogen. Hundreds of sliver samples received from different PHWRs in the country were analysed by this technique. The isotopic data were quite useful not only in validating the theoretical computational codes but also in assessing the annual deuterium pick-up rate.
Alpha spectrometry is another important area where BARC made significant contributions. By carefully selecting experimental conditions for preparing the alpha source and also developing a mathematical expression for evaluating the alpha spectrum to account for the high-energy contribution at the low energy end, it was demonstrated that an accurate alpha activity ratio can be obtained.
Sol-gel technology for fuel development programme
This programme was taken up with a view to develop a fuel fabrication process suitable for remote handling of Pu and 233 U based fuel materials. Conventional powder-pellet fuel fabrication processes are not well suited for the shielded facilities as they involve a large number of mechanical steps. Studies on the preparation of ThO 2 and (U,Th)O 2 microspheres using the sol-dehydration process were initiated. The required equipment was successfully fabricated and installed in a fume-hood. Several batches of ThO 2 and (Th,U)O 2 microspheres were prepared and sintered to ∼ 95% theoretical density (TD) microspheres. Several batches of 500 g UO 2 microspheres of 700 mm diameter with > 98% TD were prepared. A gelation assembly was setup in a series of three glove-boxes to prepare (U,Pu)O 2 microspheres containing 5 to 15% plutonium. With induction of special facilities like walk-in fume-hoods and tall glove-boxes, studies on the development of chemical conditions for internal gelation process (IGP) culminated in the formation of field diagram for prediction of gelation behaviour of uranium nitrate solution. Similar studies were conducted for the preparation of defect free ThO 2 and (Th,U)O 2 microspheres of desired size and composition. A programme was undertaken to develop sol-gel microsphere pelletisation (SGMP) process for preparation of UO 2 pellets of PHWR specifications. Two such bundles were successfully irradiated at MAPS II up to 10 000 MW d/t burn up. Sol-gel facilities have been installed at the Advanced Fuel Fabrication Facility, Tarapur and at FCD, IGCAR for the preparation of Pu based microspheres. Work was carried out to study the vibro-compaction of microspheres for the preparation of sphere-pack fuel pins for the fast reactor applications and the development of coated particle fuels for high temperature gas cooled reactors. Irradiation behaviour of the vibro-compacted fuel pins has also been planned.
High temperature thermodynamics
Development of chlorination volatility process for thorium based fuels was an active programme in the sixties. After winding down the molten salt breeder reactor (MSBR) programme, it was decided to study the volatility behaviour of U-Th halides for subsequent application in non-aqueous processes. A number of facilities for measurements of vapour pressure using transpiration, knudsen effusion, boiling point and isopiestic methods were set up. Solid oxide electrolyte galvanic cells, knudsen effusion mass loss and knudsen effusion cell mass-spectrometric methods were used to determine vaporisation behaviour of UC, (U,Ce)C, UN, stainless steel, Pd, Rh, tellurides of U and Th and molybdates of alkali metals. Thermo-chemistry of inter oxide compounds in the system M-Te-O where M is a fission product, is of considerable interest to understand the chemistry of the oxide fuel pins in an operating nuclear reactor. The Gibbs energy of formation of Ba 3 Te 2 O 9 (S) was determined using transpiration technique in the temperature range 1119 K to 1280 K. Gibbs energy of formation of CaRuO 3 (S) has been obtained using solid electrolyte galvanic cells employing both oxide and fluoride conductors (calcia stablized zirconia, calcium fluoride) in the temperature range 814 to 1235 K.
For the FBTR at Kalpakkam, a fuel, which could provide high fissile content without the use of enriched uranium, was needed. (U,Pu)C with 5-15% sesquicarbide content and very small amount (< 1000 ppm) of O and N seemed appropriate. However, it was observed during the fabrication that it was not possible to achieve low N + O content without significant loss of Pu by volatilisation. With proper optimisation of parameters, a fuel having 5000-6000 ppm of oxygen and 500 ppm of nitrogen could be obtained. The compatibility of this fuel with SS cladding could not be easily established on the basis of available literature. An experimental programme was launched with participation of a large number of scientists from Fuel Chemistry Division, Radio Metallurgy Division and Metallurgy Division of BARC. The results of these investigations established chemical compatibility of the fuel fabricated with SS cladding.
Radiochemistry at IGCAR, Kalpakkam
Radiochemistry Laboratory (RCL) at IGCAR provided a strong focus for the second stage of the Indian nuclear power program dealing with fast breeder reactors. At present, the group is engaged in a number of programmes of direct relevance and significance to fast reactor technology, such as production of enriched elemental boron, studies on metallic fuels, setting up of facility for fabrication of sodium bonded metallic fuel pins, fabrication of test fuel pins containing MOX prepared through the sol-gel route for irradiation in Fast Breeder Test Reactor (FBTR), extractant development (trialkyl phosphates, phosphonates and thirdphase formation), demonstration of flow sheets for minor actinide recovery in hot cells, development of matrices for immobilization of waste arising from FBR fuel reprocessing and laboratory scale studies on pyrochemical reprocessing of Pu based alloys as well as engineering scale demonstration of pyrochemical reprocessing. The group is also involved in setting up the metallic fuel fabrication facility for FBTR and in the setting up of the chemistry laboratory at Prototype Fast Breeder Reactor (PFBR) and the characterization laboratory at Fast Reactor Fuel Cycle Facility (FRFCF). Details of a few programmes are given below.
Sodium chemistry
Sodium chemistry was among the first programmes to be launched here. It covers a wide range of areas includ-ing chemical characterization of sodium, development of on-line monitors for non-metallic impurities in sodium, development of processes for cleaning and decontaminating sodium wetted components, thermochemical studies on compounds formed by interaction of sodium with clad and structural materials, and development of traps for radioactive impurities in sodium as well as sampling systems for characterization. RCL is perhaps the only laboratory in the world with such a wide range of programmes in sodium chemistry. The development of chemical sensor for hydrogen in sodium at IGCAR is an achievement that deserves a special mention, considering its importance in detecting steam leak into sodium in the steam generator. The hydrogen meters installed in steam generator test facility (SGTF), the sodium-water reaction test facility (SOWART) and FBTR have performed satisfactorily, and the confidence in their performance has led to a decision for their deployment in prototype fast breeder reactor (PFBR). More recently, one such meter has been installed in the French fast reactor Phoenix.
Chemistry of fuel and control rod materials
Chemistry of the fast reactor fuel cycle has been another important area of R&D at RCL. Work on plutonium chemistry was initiated in RCL in the year 1983. When the decision to go in for the Pu rich mixed carbide fuel for fast breeder test reactor (FBTR) was taken by the department, the Chemistry Group provided thermodynamic data on the carbides such as the carbon potentials and also carried out unique out-of-pile measurements on the thermal behaviour of the carbide fuel, which assured that the fuel can be taken to desired linear ratings without the danger of centerline melting. Measurements on thermal conductivity, enthalpy, dissolution behaviour and vapor pressures have been made on fuel materials such as the mixed carbide and mixed oxide. The laser flash apparatus for thermal conductivity measurements on radioactive materials was assembled indigenously. Using the Knudsen cell mass spectrometer, established for the first time in the country, a large number of systems of relevance to the fuel-clad interactions in oxide fuels, such as the tellurides of iron, nickel and chromium have been studied and phase diagrams and vaporisation behaviour established for the first time. The unique laser induced vaporisation mass spectrometry system, another first-of-its kind experimental facility, has enabled measurement of vapor pressures of thorium and uranium compounds at temperatures over 3500 K. Using this experience, an experimental facility for direct measurement of fission product concentrations in irradiated fuel, and measurement of boron enrichment in B 4 C pellets in the control rods discharged from FBTR are being established. RCL was also among the first to establish combustion synthesis as a route for preparation of nuclear materials in nano crystalline form and their sintering to high densities at relatively low temperatures.
Another important contribution of the group is a thorough investigation on the phenomenon of third phase formation in extraction of Pu by trialkyl phosphates. The data from these investigations have not only provided a good understanding of this phenomenon but have also contributed greatly to the design of the pilot process flow sheet for reprocessing FBTR fuel. The indigenous normal paraffin hydrocarbon diluent developed in collaboration with M/s Tamil Nadu Petro Products, Chennai now has replaced the n-dodecane (which was hitherto being imported) in all the reprocessing plants of the country. Indigenous anion exchange resins have been developed in collaboration with M/s Thermax limited that equal or surpass the performance of the conventional Dowex 1 × 4 anion exchange resin. A novel bifunctional phosphinic acid resin has also been developed that can extract uranium from various acid media. Research work in the area of minor actinide partitioning was carried out with unsymmetrical diglyoclamides and in the area of Ln-An separation using alkylglycolamic acids and BTP derivatives. More recently, a systematic study of the application of room temperature ionic liquids in actinide separations has been carried out. The application of supercritical fluid extraction for the quantitative recovery of uranium, plutonium and americium from tissue paper waste was demonstrated. High performance separations have been demonstrated for burn-up measurements and for the determination of uranium and thorium in mixtures at ratios up to 1 : 20 000.
The hot cell facility at RCL is a unique radiochemical facility. The hot cells were commissioned in the year 1993, by charging UO 2 fuel discharged from MAPS at 9300 MW d/t. The fuel was dissolved and its burn-up measured. Subsequently, the cells have handled mixed carbide fuel of FBTR discharged at 25 000, 50 000, 100 000 and 150 000 MW d/t. Burn-up, fission gas release and dissolution behaviour measurements have been carried out on the fuels discharged up to 100 000 MW d/t. The burn-up of the fuel was measured by isotope dilution mass spectrometry as well as by a novel HPLC based technique.
Instrumentation and equipment fabrication
In terms of equipment and facilities also, the Radiochemistry Laboratory at IGCAR has many firsts to its credit: the first Knudsen cell mass spectrometer in India, the first ICP-MS in India, the first radioactive supercritical extraction facility in India. Instrumentation for the sodium loop, hot cells and lead cells as well as the inert atmosphere glove box trains have also been developed in-house. As the RCL encompasses the range from laboratory experiments to full fledged radiochemical facilities, skills in mechanical design are brought into play for in-house design of remote handling devices and inert atmosphere glove boxes, welding and inspection of components.
Radiochemical studies for utilization of thorium
Due to its more abundant supply (3-4 times of uranium), favourable physico-chemical properties (as a fuel material), intrinsic proliferation resistance and lower content of minor actinides in spent fuel, thorium is likely to play a pivotal role in the sustenance of nuclear energy once the uranium reserves dwindle after a few decades. This is particularly relevant in the Indian context, where the U reserves are scarce and lean, and mining/milling cost is very high. R & D studies on different aspects of Th and 233 U were initiated in seventies. Al clad thorium and thoria rods irradiated in CIRUS reactor were reprocessed to separate 233 U which was used as fuel for KAMINI, a research reactor at IGCAR. At present zircaloy clad and SS clad thoria bundles are being used in PHWRs for flux flattening and in FBTR as blanket respectively. India is also working on the design aspects of advanced heavy water reactor (AHWR) utilizing (Th,Pu)O 2 as driver fuel. Analytical methodologies were developed for the determination of Th as well as trace elements (metallic as well as non metallic) as a part of the chemical quality control of Th based fuels. 232 Th being a monoisotopic element does not require isotopic analysis. However TIMS methodology was employed to determine 230 Th present at ppm level (which influences the build up of 232 U) and several other isotopes of U (234-238). The 232 U content was determined by alpha spectrometry due to the isobaric interference of 232 Th. Here too overlap of 228 Th with a half-life of ∼ 2 years and alpha energy of 5.34 MeV( which is a daughter product of 232 U with halflife of 70 years) needed to be accounted. % of different isotopes of U in 233 U in an irradiated Th sample (burn up ∼ 10 000 MW d/t) was determined. It helped in validation of computer codes for their formation. Burn up measurements of irradiated thoria were done employing 148 Nd and 139 La as monitors in mass spectrometry. Thermophysical properties of (U, Th)O 2 , a candidate fuel for the advanced heavy water reactor, were investigated. Fission cross section data of Th, Pa and U isotopes relevant to 232 Th-233 U system in thermal as well as fast spectrum were experimentally measured.
Radiopharmaceuticals programme
The Radiopharmaceuticals programme at BARC is the vital link between the two major functions i.e. the production of radioisotopes in the research reactors and the end-use in various fields. The radioisotopes provided by the Radiopharmaceuticals Division to BRIT are supplied, either directly or after further formulations, to the downstream partners for varied applications ranging from medicine, industry, and agriculture to research activities. The research activities of the Division bear fruits in the form of development of new diagnostic and therapeutic agents. The nature of the work carried out in the Division requires expertise in many areas of chemistry (such as inorganic chemistry, inorganic synthetic chemistry, biochemistry, radiochemistry, radiation chemistry/physics, analytical chemistry, clinical chemistry), physics as well as biological sciences. The blend of application component with societal impact and research component makes this field an interesting and satisfying one for the chemists. A brief description of the activities and significant achievements of the radiopharmaceuticals program are given below
Nearly 3000-4000 Ci of various isotopes in the solution form such as 131 147 Pm beta dust-monitor sources prepared using anodization-cumadsorption method, 63 Ni electrodeposited beta sources on curved cylindrical surface, 57 Co gamma sources of very high intensity prepared by electro-deposition. 109 Cd electrodeposited X-ray source was supplied to Physical Research Laboratory, Ahmedabad for use as "in-flight" calibration sources in the "Solar X-ray Spectrometer (SoXS)" payload of GSAT-2 (Geosynchronous Satellite Vehicle Launch-D2). Brachytherapy, wherein radioactive solid sources such as wires of 192 Ir or 137 Cs are placed in the tumour for a specified length of time, is a fairly established mode of treating localized cancers. Typically, an array of 15-20 pieces of 137 Cs sources is used in intracavity brachytherapy applicators. 137 Cs sources of ∼ 1.48 GBq (40 mCi) are prepared by incorporating Cs in borosilicate glass matrix contained within a platinum tubing which is further encapsulated in SS tubing. These sources are also used as industrial sources for nucleonic gauging. In the recent past, radiation sources of extremely tiny size (5 mm × 0.8 mm) containing 74-185 MBq (2-5 mCi) of 125 I are implanted for the treatment of cancer of the eye and prostate gland, in many developed countries. Development of such sources was taken up on the request of Sankara Netralaya, Chennai.
The focus of Radiopharmaceutical Chemistry program is R & D efforts towards development of new radiopharmaceuticals. Currently, new modes of radio labelling molecules with 99m Tc are pursued with an aim to obtain high specific activity, high stability and site-specific radiopharmaceuticals. Labelling through 99m Tc tricarbonyl synthon ( 99m Tc [(OH 2 ) 3 (CO) 3 ] + ) is one such approach pursued. A number of tridentate ligands such as histidine and iminodiacetic acid that form tricarbonyl complexes with favourable pharmacokinetics have been identified and used for functionaliza-tion of biomolecules. Radionuclide therapy (RNT) employing unsealed radiotherapeutic agents is being pursued with great emphasis. In order to develop effective radiopharmaceuticals for therapy, it is essential to carefully consider the choices of appropriate radionuclides as well as the carrier moiety with suitable pharmacokinetic properties that could result in good in vivo localization. At present, therapeutic agents with potential for use in bone pain palliation, radiation synoviorthesis, in vivo targeted therapy using receptor specific molecules or antibodies are being developed. Bandage patches with immobilized radioactivity have been developed and shown to be very effective in the treatment of superficial tumours in animal models. A variety of radionuclides including commonly used ones such as 32 
Human resource development
Today about 200 scientists are actively pursuing Radiochemistry Programme at BARC and about 100 are engaged in similar activity at IGCAR. In addition, about 150 scientists are involved in the program of production and applications of radioisotopes at BARC. Training School, BARC has all along been the principal source of trained man power for these programmes both at BARC as well as at IGCAR right from their inception. IGCAR Training School has started functioning and augmenting the manpower requirements of this program since last few years. Collaborations are being pursued with academic institutions as well as with industry. As young recruits are fresh postgraduates, the department has been encouraging them to carry out basic research work in the area of their interest to earn Ph.D. from a recognized university like Mumbai or Madras depending on their locations. However, DAE has founded its very own deemed university, Homi Bhabha National Institute to award degrees like Ph.D./M.Tech./M.Phil. since last six years. The scientists associated with the Radiochemistry Programme have taken active interest to collaborate/support research and teaching activities in academic institutions all over the country. Students from several universities were provided training in handling radioactive materials in BARC/ IGCAR laboratories. Under BRNS/DAE-UGC schemes they were also encouraged to utilize major facilities like reactors/accelerators for their research pursuits. RCL at IG-CAR conducts Summer Training programme in Chemistry (STIC) for post-graduate students every year.
Radiochemistry in academia in India
The 1960s were a golden period of Radiochemistry in the academic institutions in India. Banaras Hindu University in Central India was the first university in India to initiate teaching and research in nuclear chemistry. Two distinguished students of this university, viz. H. J. Arnikar and S. R. Mohanty were responsible for setting up schools of Radiochemistry and Radiation Chemistry at Pune University and Utkal University (at Bhubaneshwar) in their respective states (Maharashtra and Orissa). Whereas the former focused on neutron activation analysis and diffusion studies using tracers, the latter carried out extensive work on the solid state as well as solution chemistry of actinides like Th, (Pa), and U. Later, Arnikar also became a popular author of several text books. Another pioneer radiochemist, B. C. Haldar, set up nuclear and radiochemistry department at Institute of Science at Mumbai and carried out extensive research work in the area of neutron activation analysis and substoichiometric solvent extraction using radiotracers. , 1984) . S. N. Bhattacharyya set up a school of radioanalytical chemistry at SINP in the seventies and published extensively in the area of separation of radionuclides using inorganic ion exchangers. These centres of radiochemistry covering East,West and South regions of the country motivated several students to carry out excellent radiochemical work and publish extensively in leading international Journals in the seventies and eighties. However, radiochemistry lost its sheen in many of those institutions by the end of the last century. Today the active research groups in the area of Radiochemistry outside DAE are at Pune University; IIT, Roorkee and SINP (aided institution of DAE). Their activities are given below. At the end of this section, a table is given which shows the groups where there is some activity in radiochemical research but the emphasis is on teaching. Major focus in the group was on RNAA and INAA for determination of trace elements in soil, agriculture products, medicinal plants, malignant tumour tissues and heavy metals in water bodies around Mumbai. Radioanalytical studies included substoichiometric extraction and separations using inorganic ion exchangers. Important publications: Pradhan, A. S., Haldar, B. C.: The Radioanalytical Bibliography of India Facilities available: HPGe, NaI detector, GM Counter, Ctype lab.
University of
Research activities: a) Use of radiotracers for the development of solvent extraction methods for the determination of heavy toxic metals in environmental samples ; b) NAA studies of medicinal herbs, c) Determination of U and Th in soils and plants ; d) Nano toxicology studies using radiotracers. Facilities available: LSC, GM Counter, BF 3 neutron counter, RIA-gamma counter, Scintillation counter for gamma radiation.
Rashtrasant Tukdoji Maharj Nagpur
Research activities: FNAA and CNAA of soil samples for trace constituents; Development of beta gauging techniques for determination of moisture contents of soil and leaf; translocation studies using 14 C labelled compounds.
Utkal University, Vani Vihar, Department of Chemistry, Bhubaneswar, Orissa, 751004
Nuclear and Radiochemistry Lab was set up in the sixties by S. R. Mohanty and the work was pursued vigorously later by K. C. Dash and V. Chakravortty.
Research activities: Hot atom chemistry, coordination chemistry of complexes of U(VI) and Th(IV) in solution as well as in solid state; solution chemistry of Pa.
Saha Institure of Nuclear Physics (SINP), Nuclear Chemistry Division, AF/I, Bidhan Nagar, Kolkata, 700064
Nuclear and Radiochemistry lab was set up by S. N. Bhattacharyya in the seventies. Presently, it is a part of Chemical Sciences Division; present contact: S. Lahiri. It is one of the most active radiochemistry laboratory outside the Department of Atomic Energy.
Research activities: Production of tracers using accelerators and investigation of their separation behaviour, Applications of multi tracers in chemical, biological and environmental sciences.
Important publications:
sionals on topics related to radiochemistry and applications of radioactivity. IANCAS Publications: IANCAS has published about 50 thematic bulletins on wide range of topics related to nuclear sciences, most of which can be accessed through IANCAS website. It has also published several books/monographs as shown in the following table. Hindi, Marathi and Arabic translations of monograph, "Nuclear Materials" and Tamil translation of "Experiments in Radiochemistry" have also been published. IANCAS awards: IANCAS has instituted several awards to encourage youngsters and to recognize the contributions of senior radiochemists for the growth of the discipline of radiochemistry. These are: M. V. Ramaniah Memorial Award for lifetime achievement, Tarun Datta Memorial Award for young radiochemist (below the age of 45), Arnikar best thesis award. B. C. Haldar award for best presentations during NUCAR has been instituted during the silver jubilee year of IANCAS. Recently another endowment award has been instituted in the memory of K. S. Venkateshwarulu.
